RNA from purified bovine enterovirus (serotype VG-5-e7) was fractionated by sedimentation on sucrose gradients, gel filtration through Sepharose eB and electrophoresis in acrylamide-agarose gels. Virus RNA was single stranded with a molecular weight of approximately 2-8 × IO 6. The RNA obtained from virus infected cells was separated into replicative intermediate and single-stranded molecules by gel filtration through Sepharose zB. Electrophoresis of the replicative intermediate fraction on acrylamide-agarose gels gave two peaks of radioactivity, whereas after ribonuclease treatment only a single peak was present. Electrophoresis of the single-stranded molecules on acrylamide gels showed that a portion of these had slower mobilities than RNA from purified virus. This singlestranded fraction contained molecules with molecular weights in the range 5"6 to 2-8 x IO 6. Continuous labelling experiments showed that this size range was a function of time after infection. The existence of single strands of RNA longer than RNA found in purified virus was interpreted as supporting a cyclic model for RNA replication.
INTRODUCTION
Replication of picornavirus RNA is believed to involve displacement of progeny molecules from a replicative intermediate (RI) component. This RI is thought to consist of both singleand double-stranded regions of RNA. Much discussion has revolved around whether the progeny molecules are produced by a semi-conservative or a conservative method of displacement (see reviews, Erikson, 1968; Baltimore, I969) . In either case, a linear displacement scheme has been favoured which would yield progeny molecules the same size as RNA found in virus particles.
However, Brown & Martin (I965) observed that during the replication of foot-andmouth disease virus in baby hamster kidney cells, single strands of RNA were formed which sedimented more rapidly than RNA from virus particles. This observation led them to propose that replicative intermediate might have a circular form which could permit the synthesis of progeny strands longer than the parental strand. Further studies by Wild, Martin & Brown (I968) and by Wild & Brown 0969) have substantiated the argument that a cyclic displacement mechanism may operate in cells infected with foot-and-mouth disease. The scheme is similar to the 'rolling circle model' which was proposed by Gilbert & Dressler 0968) for the replication of~XI74 DNA. To date, however, there is no evidence about the uniformity of length of single strands of RNA induced by other picornaviruses. In this paper we have considered the multiplication of a bovine enterovirus (serotype VG-5-z7) which grows in the same host cell as foot-and-mouth disease virus and has closely similar characteristics to poliovirus (Martin, Johnston & Clements, x97o) . Fractionation of RNA by sedimentation on sucrose gradients, gel filtration through Sepharose 2B and electrophoresis on acrylamide-agarose gels suggests that single strands are produced which are longer than the parental virus RNA.
METHODS

Materials.
[5-3H]uridine of specific radioactivity 25 c/m-mole and [14C-U]uridine (0"5 c/ m-mole) were obtained from the Radiochemical Centre, Amersham, Buckinghamshire. Actinomycin D and agarose were purchased from Sigma Ltd. Sodium dodecyl sulphate was obtained from British Drug Houses Ltd, Poole, Dorset. Ribonuclease and ribonucleasefree deoxyribonuclease were obtained from Worthington Biochemical Corporation, New Jersey, U.S.A..
Cell cultures. Baby hamster kidney cells (BHK 2I; Macpherson & Stoker, I962) were grown as monolayers in flat flasks or large roller bottles as described previously (Martin et aI. I97o ) .
Virus strain. Bovine enterovirus (serotype VG-5-27) was obtained from the Veterinary Research Laboratories, Stormont, Belfast (McFerran, i962 ) . It has been suggested that this strain would be a convenient model to use for the study of the basic mechanisms involved in replication (Martin et al. I97o) .
Virus production. Monolayers of BHK cells were infected with virus at approximately 200 p.f.u./cell in Earle's saline. The cell sheets were completely disrupted 6 hr after infection. After the cell debris was removed by centrifugation at moo rev./min, the virus harvest was stored at -20 °.
Isotopic labelling of virus and cells. Monolayers were treated with Earle's saline containing actinomycin D (2 #g./ml.) for 40 min. at 37 °. The saline was removed and cells were infected with approximately 200 p.f.u./cell. After 3o rain. at 37 ° the monolayers were washed with Earle's saline and Earle's saline containing actinomycin D (2 #g./ml.) and the appropriate radioisotope was added. In general, [5-aH] uridine was added at a concentration of I3 ~c/ ml. and p~C]uridine at 0"5 #c/ml. Cultures were harvested either for extraction of RNA or for virus purification at appropriate intervals, as described in the Results section.
Purification of rims. The virus was purified as described by Martin et al. (197o) . Isolation of virus RNA. RNA was extracted from virus by two methods. The first has already been described (Martin et al. I97o ) and involved extraction with phenol containing o'5 ~ sodium dodecyl sulphate at pH 5"o. In the second method, ovirus was treated with a buffer containing 5"3 M-urea, o.I M-NaC1, o.oI M-EDTA, o.oIM-tris+HC1 (pH 7"4) plus I ~ (w/v) sodium dodecyl sulphate at 37 ° for I5 rain. Samples were either used directly or RNA was precipitated with 3 vol. of ethanol at -2o °.
Isolation of RNA from infected cells. Infected cultures were treated as follows. The medium was adjusted to pH 5"o with glacial acetic acid and immediately made o'5 ~ with respect to sodium dodecyl sulphate. After 5 rain. at 20 ° the suspension was extracted twice with phenol equilibrated with o.I M-sodium acetate buffer (pH 5"o) containing 0"5 % sodium dodecyl sulphate. RNA was precipitated from the aqueous phase with 3 vol. of ethanol at -2o °. The precipitate was dissolved in I ml. o.I M-sodium acetate (pH 5"0) containing O'I ~oo sodium dodecyl sulphate and applied to a Sephadex G2oo column (I.5 x 25 cm.) equilibrated with the same buffer. The material which was eluted in the void volume was precipitated with ethanol at -20 °, dissolved in I ml. o-I M-sodium acetate (pH 5"0), 2-5 mM-magnesium sulphate and 20 #g. deoxyribonuclease. The sample was incubated at 37 ° for 30 rain. and refiltered through Sephadex G 2oo. RNA molecules which were eluted in the void volume were precipitated with ethanol before fractionation.
Fractionation of RNA. Three methods of fractionation were used. (i) Sucrose-gradient sedimentation. Sucrose gradients (5 to 25 ~ w/v) were prepared in o-I N-sodium acetate buffer (pH 5"o). Samples of RNA in I ml. of buffer were applied and the gradients centrifuged at 5o,ooo g for 14 hr at 4 °. The gradients were fractionated as described by Martin et al. (197o) . (2) Gel-filtration on Sepharose 2B. Samples of RNA (I ml.) were applied to a column of Sepharose zB (I'5 x 25 cm.)equilibrated with o'25 M-NaCI, o.oi M-sodium acetate buffer (pH 5"o) and o.I ~ sodium dodecyl sulphate. The flow rate was IO ml./hr and 2 ml. fractions were collected. (3) Electrophoresis on polyacrylamide-agarose gels. Polyacrylamide gels were made (2.z ~ acrylamide and o'4 ~ agarose) by a modification of the methods used by Peacock & Dingman (1967) and Loening (I969) . Electrophoresis buffer g'-10 contained 36mi-tris, 3omM-NaH2PO4, I mM-EDTA (pH7.8)+o.I ~ sodium dodecyl sulphate. This was prepared as a stock solution at five times the above concentration. Acrylamide (I 5 ~ w/v) and bisacrylamide (o'75 ~ w/v) were dissolved in distilled water and stored at 4 °. Agarose (o'64 ~ w/v) was dissolved in distilled water and stored in i2 ml. volumes in sterile containers at 4 °. Before use, the agarose was melted at IOO ° and then maintained at 45 °. Gels were prepared as follows. The acrylamide solution (2"5 ml.) was diluted by addition of 3"4 ml. concentrated buffer and I I ml. of liquid agarose. The mixture was placed under vacuum for 2 min. and then o'oi5 ml. N, N, N 1, NLtetramethylethylenediamine and o'I5 ml. of freshly prepared ammonium persulphate added. This mixture was immediately poured into plastic tubes (4 x IO cm.) and allowed to set for 3o rain. Gels were held in the tubes by dialysis membrane fixed around one end by a rubber band. The gels were pre-run at 7 ma/gel for 2 hr at 4 ° to remove polymerization catalysts. At this stage, gels could be stored at 4 ° for a few days. RNA samples dissolved in 2o #l. of stock buffer containing 18 ~ (w/v) sucrose were applied directly to the gel surface. Electrophoresis was continued for 3 hr at 7 mA/gel at 4 ° in fresh buffer. Gels were then scanned using a Joyce Loebl ultraviolet scanner and cut immediately into I mm. segments at room temperature using a gel-slicer (Mickle Co, Gomshall, Surrey). Slices were treated with o.2 ml. H202 or o.2 ml. o'5 M-NaOH in sealed vials at 6o ° for 14 hr before determination of radioactivity. Determination of radioactivity. Samples labelled with 3H and 14C were counted in Bray's solution in a Packard Liquid Scintillation counter no. 3o22.
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RESULTS
Sedimentation of virus RNA on sucrose gradients
RNA was isolated from purified VG-5-27 by the two methods described above and sedimented through 5 to 25 ~o (w/v) sucrose gradients. Both methods gave a main fraction of RNA which sedimented at 36 s relative to the 28 s and I6 s RNA from BHK cells (Fig. I a, b) . 
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After extraction with phenol, virus RNA generally showed a slight shoulder at approximately 28 to 3o s (Fig. I a) . However, after extraction with urea + sodium dodecyl sulphate this minor component never appeared (Fig. x b) .
Gel filtration of virus RNA
The rate of gel filtration of single-stranded RNA on agarose columns is dependent on the ionic strength of the solvent (Oberg & Philipson, 1967) . Virus RNA was eluted from Sepharose zB columns equilibrated with o-oI M-acetate buffer (pH 5"o) in approximately 3 ° % of the column bed volume. When the column was equilibrated with o-25 M-NaC1 the virus RNA was eluted in approximately 66 % of the column bed volume (Fig. 2 a) . 
Electrophoresis of virus RNA on acrylamide-agarose gels
Electrophoresis of RNA through acrylamide gels provides an accurate method of determining tool. wt provided suitable markers are available (Bishop, Claybrook & Spiegelman, 1967; Loening, 1969) . In this study we assumed that BHK ribosomal RNA had similar mol. wt to values determined by Petermann & Pavlovec 0966) for ribosomal RNA of Jensen sarcoma cells. Virus RNA extracted by the phenol:sodium dodecyl sulphate procedure moved as a sharp peak with a mol. wt ,,~ 2-8 × IoG. There was also a minor component at I. 9 x io 6. However, urea:sodium dodecyl sulphate extraction yielded only a single fraction at z.8 x ~o n (Fig. 2b) . These results were consistent with the observations described above (Fig. I) and suggested that the minor component at I-9 x ro 6 may have been an artifact of the phenol extraction. 
One-step growth cycle of VG 5-27
Monolayers of BHK cells were infected at a multiplicity of approximately 200 p.f.u./cell in the presence of actinomycin D and [3H]uridine. Cultures were removed and radioactivity in RNA was determined at different times after infection. The total virus present in the cultures was also determined by plaque assay (Fig. 3) -RNA synthesis began 2 hr after infection and maximum production of both RNA and virus occurred between 3 to 4 hr.
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After 5 hr the monolayers had completely disintegrated. Uninfected cells which had been treated with actinomycin D showed no significant incorporation of tritium into RNA. 2B which was equilibrated with o-or M-sodium acetate (pH 5.o) and o'z5 M-NaC1. Two fractions of radioactivity were found (Fig. 4a) . Fraction I was eluted at approximately 25 ~ of the bed volume and Fraction II was eluted as a broad peak at approximately 6o of the bed volume. Electrophoresis of Fraction I on acrylamide-agarose gels gave two fractions, one of which remained at the origin. Ribonuclease treatment of Fraction I gave a single resistant peak (Fig. 4b) . Detailed analysis of this fraction will be described in a further communication, but our experiments indicated that it contained replicative intermediate RNA.
Characteristics of RNA induced after 3½ hr
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In this paper we have concentrated our attention on Fraction II obtained by gel filtration through Sepharose 2 B. Electrophoresis of Fraction I1 on acrylamide-agarose gels gave RNA molecules with a range of tool. wt from 5"7 x io n down to 2.8 x io ~ (Fig. 4c) . Treatment of Fraction I[ with ribonuclease completely degraded it and therefore the apparent size heterogeneity appeared not to result from the presence of residual duplex molecules. 
Kinetics of RNA synthesis
Replicate monolayers of BHK cells were infected with virus under the one-step growth cycle conditions and labelled with [3H]uridine. Cultures were removed at 2, 3, 4 and 5 hr after infection and the RNA extracted.
Sucrose gradient sedimentation of the RNA showed that at 2 hr after infection there was a broad distribution of radioactivity across the gradient, while after 5 hr most of the counts were present in sharp peak at 36 s (Fig. 5) .
Gel filtration through Sepharose 2B showed that after 2 hr the single-stranded RNA (Fraction II) had a broad spread of radioactivity. However, after 4 and 5 hr the shape of the profile changed until it resembled that of RNA from purified virus (Fig. 6) . 
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Electrophoresis on acrylamide-agarose gels of the RNA showed that after 2 hr the singlestranded RNA contained a higher proportion of high mol. wt RNA than was present at later periods of the growth cycle. Also, at the earlier times the main RNA fraction appeared to be larger than virus RNA (Fig. 7) .
Direct comparison of induced RNA and virus RNA
To confirm that a size heterogeneity did exist in virus-induced RNA compared to RNA from purified virus the following experiment was done. Virus was labelled with [14C]uridine and purified. The RNA was extracted and mixed with [3H]uridine-labelled RNA from infected cells (Fraction II) prepared by filtration through Sepharose 2B. The mixture was electrophoresed on acrylamide-agarose gels and the distribution of radioactivity caused by 3H and 14C was determined. The induced RNA had a broad shoulder of ~H activity, corresponding to mol. wt in the range 5"6 to 3"o x ~o 6 with the main peak slightly larger than the RNA from purified virus (Fig. 8) .
DISCUSSION
In this report we have devoted our attention to the comparison of the single-stranded RNA that can be extracted from virus-infected cells and the RNA isolated from purified virus. The RNA from bovine enterovirus ) is similar to that of other enteroviruses such as polio (Tannock, Gibbs & Cooper, I97O), encephalomyocarditis virus (Burness & Clothier, I97O ) and foot-and-mouth disease virus (Wild & Brown, I97O ) and has a tool. wt of z.8 x lO 6. We find that the best virus RNA profiles can be obtained by degrading the virus with urea:sodium dodecyl sulphate rather than by phenol extraction. In general, phenol extraction results in the appearance of a minor component with a mol. wt of I'9 x ~o G. This also appears in preparations of poliovirus RNA, as shown by Tannock et al. (I97o) and in rhinovirus RNA (Brown, Newman & Stott, ~97o) . Since this minor component is absent when phenol is not used in the extraction it is likely that it represents a degradation product. It is therefore important to take this observation into account when discussing the nature of RNA isolated from infected cells, since in this type of experiment treatment with phenol is usually an essential step.
The first suggestion that virus-induced RNA may be heterogeneous with regard to size was made by Brown & Martin (1965) on the basis of experiments which involved sedimentation on sucrose gradients of foot-and-mouth-disease virus RNA. Two major problems arise from direct sedimentation of total cell RNA extracts. First of all, the presence of high mol. wt replicative intermediate molecules could contribute to the observed heterogeneity. Secondly, configurational changes play an important role in sedimentation behaviour. These experiments have shown that complete removal of double-stranded RNA fractions can be easily achieved by gel filtration through Sepharose 2 B. In our hands, this has proved more successful and reliable than salt precipitation procedures.
Acrylamide-agarose gels provide a reliable and convenient means of fractionating radioactively labelled RNA. Single-stranded virus-induced RNA showed a wide range of activity corresponding to mol. wt 5"7 to 2.8 x I@. It is very unlikely that this heterogeneity is caused by configurational differences since under similar conditions of extraction and electrophoresis both ribosomal RNA and RNA from purified virus produce sharp and apparently homogeneous peaks. It is also important to note that gel filtration through Sepharose 2B completely eliminates duplex RNA molecules from this fraction and hence it is difficult to explain the heterogeneity by contamination with replicative intermediate forms.
